In recent years nanotechnology has become one of the most important and exciting forefront fields in Physics, Chemistry, Engineering and Biology. It shows great promise for providing us in the near future with many breakthroughs that will change the direction of technological advances in a wide range of applications. Nanotechnologies are being spoken of as the driving force behind a new industrial revolution. Both private-and public-sector spending are constantly increasing. Scientists have raised concerns that the basic building blocks of nanotechnologies -articles smaller than one billionth of a meter -pose a potential new class of risk to health and the environment. In fact, all different scientific disciplines, including every single sector (such as nanomaterials, micro and nanomachines, micro and nanoelectronics), have their own paradigm. This is why innovations and industrial developments are profoundly different. However, these fields are strongly interlinked. It is therefore necessary to make our studies more interdisciplinary in order to enable us to understand the nanoworld.
Introduction
Nanotechnology, a new emerging and fascinating field of science, permits advanced research in many areas. Moreover, nanotechnological discoveries could open up novel applications in the field of biotechnology and agriculture (Wang et al., 2016) . Nanotechnology is a novel scientific approach that involves the use of materials and equipment capable of manipulating physical as well as chemical properties of a substance at molecular levels. In addition, such biotechnology involves using the knowledge and techniques of biology to manipulate molecular, genetic and cellular processes to develop products and services and is used in diverse fields from medicine to agriculture (Fakruddin et al., 2012) . Nanotechnology is one of the most important tools in modern agriculture, and agri-food nanotechnology is expected to become a driving economic force in the near future, due to the increasing world population (Sekhon, 2014) . Nanotechnology has been defined as relating to materials, systems and processes which operate at a scale of 100 nanometers (nm) or less (Mousavi et al., 2011) . It has the potential to revolutionize the agricultural and food industries with new tools for the molecular treatment of diseases, rapid disease detection, and enhancement of the ability of plants to absorb nutrients etc. This technique could be applied in improving important crops by organizing and linking carbohydrates, lipids, proteins and nucleic acids to nanocrystals (Zheng et al., 2009 ).
Nanoparticles/nanocomposites
Nanomaterials, typically 0.2-100 nm in size, have a high surface-to-volume ratio (Ravishankar et al., 2011) ; this increases their interaction with microorganisms, which in turn improves their antimicrobial activity. Transmission electron microscopy (TEM), low-resolution TEM (LRTEM), and high-resolution TEM (HRTEM) have helped in the characterization of nanoparticles (NPs) and revolutionized their use in various elds. The chemical, electrical, mechanical, optical, magnetic, and electro-potential properties of NPs differ from those of their bulk materials. This may be attributed to their high surface-to-volume ratio (Hajipour et al., 2012; Whitesides, 2005) . The physicochemical and biological properties of NPs can be manipulated to suit the desired application (Feynman, 1991; Ravishankar et al., 2011) .
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NPs may be organic or inorganic; however, inorganic NPs are used more often owing to their ability to withstand adverse reaction conditions (Ravishankar et al., 2011) . NPs have been used in optical, chemical, and biological elds. Their potential applications include many speci c areas such as superconductors, optical devices, catalysts, fuel cells, gene and drug delivery, cell and tissue imaging, and biosensors (Adibkia et al., 2007; Tiwari et al., 2011; Zinjarde, 2012; Bahrami et al., 2014; Dizaj et al., 2015) . Moreover, NPs have antimicrobial properties and have potential for use in diagnostic immunoassays (Nam et al., 2003; Chen et al., 2008; Osterfeld et al., 2008) . Several types of NPs, including various metal and metal oxides, have been developed and evaluated; examples include silver (Ag), gold (Au), silver oxide (Ag 2 O), zinc oxide (ZnO), titanium dioxide (TiO 2 ), calcium oxide (CaO), copper oxide (CuO), magnesium oxide (MgO), and silicon dioxide (SiO 2 ) (Dizaj et al., 2015) . Nanoparticles can serve as "magic bullets", containing herbicides, chemicals, or genes, which target particular plant parts and release their content. Nanocapsules can enable effective penetration of herbicides through cuticles and tissues, allowing for slow and constant release of active substances (Perea-de-Lugue et al., 2009 ).
Types of nanoparticles

Zinc oxide nanoparticles
Zinc oxide is an inorganic compound with the molecular formula ZnO. It is a white powder which is nearly insoluble in water. ZnO powder is widely used as an additive in numerous materials and products including ceramics, glass, cement, rubber (e.g. car tires), lubricants, paints, ointments, adhesives, plastics, sealants, pigments, foods (a source of Zn nutrient), batteries, ferrites, and fire retardants. In the Earth's crust, ZnO is present as zincite mineral, but for commercial purposes synthetically produced ZnO is mainly used. A ZnO semiconductor has several unique properties such as good transparency, high electron mobility, a wide band gap and strong luminescence at room temperature (RT). These properties account for its applications in the transparent electrodes in a liquid crystal display and in energy-saving or heat-protecting windows and other electronic applications. Zinc oxide (wurtzite, p63m) is known as a wide band gap semiconductor with a band gap energy of 3.3 Ev at RT (Sabir et al., 2014) . Nowadays, the unique properties of nanomaterials have encouraged researchers to develop many simpler and inexpensive techniques to produce nanostructures of technologically important materials. Several metal oxide nanoparticles have been produced which have possible future applications. Among these, zinc oxide is considered to be one of the best exploited at nano dimensions. Its wide band gap and large excitonic binding energy have made zinc oxide important both for scientific and industrial applications (Wang et al., 2004) . The effect of NPs on seed germination depends on the concentrations of NPs and varies from plant to plant. De la Rosa and co-workers (2013) sprayed different concentrations of ZnO NPs on different parts of cucumber, alfalfa and tomato, and found that only cucumber seed germination was enhanced. Raliya and co-workers (2013) reported that ZnO NPs induced a significant improvement in Cyamopsis tetragonoloba plant biomass, shoot and root growth, root area, chlorophyll and protein synthesis, rhizospheric microbial population, acid phosphatase, alkaline phosphatase and phytase activity in cluster bean rhizosphere.
Gold nanoparticles (AuNPs)
The properties of gold nanoparticles are different from those of its bulk form because bulk gold is a yellow solid inert in nature, while gold nanoparticles are a winered coloured solution and are reported to have antioxidant properties. Inter-particle interactions and the assembly of gold nanoparticle networks play key roles in the determination of the properties of these nanoparticles (Deb at al., 2011) . Gold nanoparticles exhibit various sizes, ranging from 1 nm to 8 μm. AuNPs improve seed germination, the number of leaves, leaf area, plant height, chlorophyll content, and sugar content that lead to a higher crop yield in Gloriosa superba Gopinath et al., 2014) . AuNPs have a significant influence on seed germination and the anti-oxidant system in Arabidopsis thaliana and alter expression levels of several microRNAs that regulate various morphological, physiological, and metabolic processes in plants (Kumar et al., 2013) . AuNPs induce toxicity in plants by inhibiting aquaporin function, a group of proteins that help in the transportation of a wide range of molecules including water (Shah et al., 2009 ).
Silver nanoparticles
Silver dioxide nanoparticles are between 1 nm and 100 nm in size (Graf et al., 2003) . Frequently described as being "silver", some are composed of a large percentage of silver oxide due to the high ratio of surface-tobulk silver atoms. Numerous shapes of nanoparticles can be constructed depending on the application at hand. Commonly used are spherical silver nanoparticles but diamond, octagonal and thin sheets are also popular (Graf et al., 2003) . Such an extremely large surface area permits coordination of a vast number of ligands. The properties of silver nanoparticles applicable to human treatments are under investigation in laboratory and animal studies assessing their potential efficacy, toxicity, and costs.
NPs have both positive and negative effects on plant growth and development. Recently, Krishnaraj and coworkers (2012) studied the effect of biologically synthesized AgNPs on the growth and metabolism of hydroponically grown Bacopa monnieri, and found that AgNPs significantly reduced seed germination and induced the synthesis of proteins and carbohydrates as well as decreased the total phenol contents and catalase and peroxidase activities. Also, biologically synthesized AgNPs enhanced seed germination and seedling growth of Boswellia ovaliofoliolata trees (Savithramma et al., 2012) .
AgNPs also increased growth parameters (shoot and root length, leaf area) and biochemical attributes (chlorophyll, carbohydrate and protein contents, antioxidant enzymes) of Brassica juncea, common bean and corn (Salama, 2012; Sharma et al., 2012) . However, Gruyer and co-workers (2013) reported that AgNPs exerted both positive and negative effects on root elongation, depending on the plant species. They reported that root length was increased in barley, but inhibited in lettuce. Also, Yin and co-workers (2012) studied the effects of AgNPs on germination of 11 wetland plant species (eg Lolium multiflorum ). They found that GA-AgNPs had effects equal to or greater in magnitude than AgNO 3 on seedling growth, confirming that the high toxicity of AgNPs is not only due to the ionic Ag content. We have also found that plant species differ in their susceptibility to AgNPs and AgNO 3 and that AgNP toxicity to wetland plants under realistic growth conditions is only partially consistent with the results obtained from pure culture experiments. These results suggest that the increasing release of AgNPs into the environment could have an effect on wetland plant communities (Yin et al., 2012) .
The impact of AgNPs on the morphology and physiology of plants depends on the size and shape of NPs. Syu and co-workers (2014) studied the effect of 3 different morphologies of AgNPs on physiological and molecular responses of Arabidopsis and suggested that decahedral AgNPs showed the highest degree of root growth promotion (RGP).
Silicon dioxide nanoparticles
Silicon dioxide nanoparticles, also known as silica nanoparticles or nanosilica, are the basis for a significant amount of biomedical research due to their stability, low toxicity and ability to be functionalized with a range of molecules and polymers. According to Suriyaprabha and co-workers (2012) , nano-SiO 2 increased seed germination by providing better nutrients availability to maize seeds, and pH and conductivity of the growing medium. Bao-shan and co-workers (2004) exogenously applied nano-SiO 2 on Changbai larch (Larix olgensis ) seedlings and found that nano-SiO 2 improved seedling growth and quality, including mean height, root collar diameter, main root length, and the number of lateral roots of seedlings, and also induced the synthesis of chlorophyll. It has also been shown that under abiotic stress, nanoSiO 2 augments seed germination. Haghighi and co-workers, (2012) and Siddiqui and co-workers (2014) reported that nano-SiO 2 in tomato and in squash, respectively, enhanced seed germination and stimulated the antioxidant system under salt stress. Nano-SiO 2 enhanced plant growth and development by increasing gas exchange and chlorophyll fluorescence parameters, such as the net photosynthetic rate, transpiration rate, stomatal conductance, Photosystem II (PSII) potential activity, effective photochemical efficiency, actual photochemical efficiency, electron transport rate and photochemical quenching (Siddiqui et al., 2015) .
Positive effects of nanotechnology in agriculture Carbon nanotubes and plant growth
The application of nanoparticles such as carbon nanotubes in agriculture has led to very promising results (Liu et al., 2015) . Carbon nanotubes (CNTs) are arranged in single or multiple layers of carbon ions placed in a cylinder (Li et al., 1996; Philip et al., 2000; Hazarika et al., 2014; Liu et al., 2014) . CNTs possess excellent tensile strength and are possibly the strongest, smallest fibers known (Mani et al., 2014; Hazarika et al., 2014; Liu et al., 2014) . Their important role is derived from their competitive mechanical, electrical, thermal and chemical properties (Siddiqui et al., 2015) . Carbonbased nanomaterials are being studied in order to understand the uptake and transport of nutrients into intact plant cells (Chai et al., 2013; Khodakovskaya et al., 2013; Long et al., 2012) . CNTs can translocate to systemic sites, such as fruits, leaves and roots, which could involve a strong interaction with the cells of, for example, tomato seedlings. This results in significant changes in the total gene expression in fruits, leaves, and roots (Khodakovskaya et al., 2013) . Moreover, the root number, root length, plantlet length and hairy root formation are enhanced.
Many different forms of CNTs are found. CNTs can be chemically modified and/or functionalized with either hydroxyl or carboxyl groups or another nanomaterial. Non-functionalized or pristine single-walled CNTs can be visualized as single sheets of graphite rolled up in the form of a cylinder with seamless ends. Its diameters range from 0.4 nm to 1 μm. Non-functionalized multiwalled CNTs consist of several single-walled CNTs stacked one inside another. Their diameters are up to 100 nm (Dresselhaus et al., 2001) . CNTs improve root growth of cucumbers (Cucumis sativus) and onions (Allium cepa); importantly nanotube sheets are formed by both functionalized-CNTs and non-functionalized CNTs on their root surfaces (Canas et al., 2008; Ke et al., 2011) . It has also been found that CNTs help organize nutrient absorption in plants (Taha et al., 2016) . As has been shown, CNTs penetrate tomato seed coats and significantly enhance seedling growth and seed germination rates (Ke et al., 2011; Ghodake et al, 2010; Khodokovskaya et al., 2009 ). Also, carbon nanotubes could be used as nutrient carriers for macro and micro elements (Liu et al., 2015) .
Metal and metal oxide nanomaterials stimulate plant growth
The estimated production of metal/metal oxide nanoparticles will probably rise (from 2000 tons in 2004) to over 58,000 tons yearly in the near future (Niederberger, 2007; Franke et al., 2006; Kolmakov et al., 2004) . A large number of studies on the effects of metal oxide NPs on the germination and growth of plants have been documented. For example, nanosized TiO (Titanium dioxide) promoted plant growth when seeds were soaked or sprayed with NPs (Zheng et al., 2005) and root elongation was promoted by a large amount of Zinc oxide NPs (ZnO NPs) in soybean (Lopez-Moreno et al., 2010) . TiO 2 NPs may be used for decomposing organic compounds and producing H 2 as a fuel (Gupta et al., 2011) . Moreover, a 58.2% and 69.8% increase in fresh and dry weights, and a significant increase in the chlorophyll content, the photosynthetic rate and Rubisco activity were recorded in spinach when treated with anatase (one of the 3 mineral forms of titanium dioxide) TiO 2 NPs (Linglan et al., 2008) .
Antibacterial activity of metal oxide nanoparticles
Several metal oxides in the form of nanoparticles have been reported to exhibit a marked antibacterial activity, allowing for efficient eradication of various bacterial strains. This fact has attracted significant interest from environmental, agricultural and health care industries that are searching for newer and better agents to control or prevent bacterial infections. Some distinctive antibacterial mechanisms have been proposed, which include reactive oxygen species (ROS) formation, metalion release, particle internalization into bacteria and direct mechanical destruction of bacterial cell walls and/or membranes. For instance, oxidative stress induced by Ag 2 O nanoparticles has been shown to damage the DNA of Escherichia coli which leads to the interruption of the bacterial cell cycle and induction of bacterial death (Sondi et al., 2004) .
Role of nanoparticles in photosynthesis
Photosynthesis is a process by which plants convert solar energy into chemical energy. Only 2-4% of available radiation energy converted by plants is used for plant growth and development (Savithramma et al., 2012) . Nanotechnology has the potential to improve the functioning of the photosynthetic machinery. Single-wall carbon nanotubes (SWCNTs) embedded in isolated chloroplasts lead to a three-fold increase in photosynthetic activity, compared to controls. It also increases the maximum electron transport rate (Giraldo et al., 2014) . Silicon dioxide nanoparticles (SiO 2 NPs) increase the photosynthetic rate by changing the activity of carbonic anhydrase and the synthesis of photosynthetic pigments (Mahmoodzadeh et al., 2013; Jaberzadeh et al., 2013) . SiO 2 NPs have been found to accelerate the growth and development of oat and lucerene by increasing the content of photosynthetic pigments in their leaves (Tereshchenko et al., 2017) . Carbonic anhydrase supplies CO 2 to RuBisCO which may improve photosynthesis (Siddiqui et al., 2012) .
A nano mesoporous silica compound (SBA) bound with photosystem II increases the activity of photosynthetic oxygen evolving reactions (Noji et al., 2011) . It has also been shown that metal nanoparticles can increase the efficiency of chemical energy production in photosynthetic systems (Govorov et al., 2007) . Also, Noji and co-workers (2011) reported that a nano mesoporous silica compound (SBA) bound with photosystem II (PSII) induced stable activity in a photosynthetic oxygen-evolving reaction, indicating the light-driven electron transport from water to the quinone molecules. The authors suggested that PSII-SBA conjugates might have suitable properties as photosensors and artificial photosynthetic systems (Noji et al., 2011) . Recently, Lin and co-workers (2014) developed genetically engineered tobacco plants by replacing the RuBisCO gene with 2 genes encoding the large and small subunits of the Se7942 enzyme form cyanobacterium Synechococcus elongatus (Lin et al., 2014) . Such genetically modified (GMO) plants had a higher photosynthetic efficiency than non-GMO plants. These improved tobacco lines represent an important step towards improving photosynthesis in plants.
Nanoparticles in disease suppression
Viruses, bacteria, fungi and nematodes are the main organisms responsible for plant diseases resulting in decreased yields and poor quality of plant products. It has been reported that NPs can be used to suppress pathogens and thus increase crop growth (Singh et al., 2015) . Since the physiochemical properties of nanoparticles vary greatly, it has become important to examine the effect of NPs on microorganisms in terms of plant protection, especially against phytopathogens, to harness the benefits of this technology. Due to the ultrasmall size of nanoparticles, which are even smaller than virus particles, as well as due to their high reactivity, nanoparticles may affect the activities of many microorganisms. In silver NPs, the colonization of Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia coli and Klebsiella pneumonia is inhibited. The highest antimicrobial activity of silver nanoparticles (30 mm) synthesized by Solanum tricobatum and Ocimum tenuiflorum leaf extracts was found against S. aureus and E. coli, respectively. The combined activities of AgNPs with the fungicide flucanazole have been found to be effective against Candida albicans, Phoma glomerata and Trichoderma sp. (Gajbhiye et al., 2009 ). MgO NPs exhibit significant antimicrobial activity due to their strong interaction with the negatively charged surface of bacterial membranes . The antibacterial activity of MgO nanoparticles (NPs) was evaluated against the Gram-negative bacteria Escherichia coli and Pseudomonas aeruginosa as well as the Gram-positive bacterium Staphylococcus aureus.
Negative effects of nanotechnology in agriculture on food
The release of engineered nanoparticles may cause adverse effects on edible plants, as has been shown in radish, corn, and cucumber grass, lettuce and rape (Suppan, 2013) .
The potential risks and benefits of using nanosilvers as antibacterial agents in consumer and health care products are being debated globally (Boholm et al., 2014) . According to Wang and co-workers (2012) , there is now some understanding of the long-term impact of cerium oxide nanoparticles on plants, health and their implications for food safety and security. The implication of ZnO NPs on wheat showed reduced biomass production as Zn 2+ enters the plants and thereby affects the food chain (Prasad et al., 2017) . There is a lack of regulatory harmonization, while the empirical data impede global strategies for products commercializing nanotechnologies (Chaudhry et al., 2008) . Thus, there is an urgent need for the creation of regulatory systems capable of managing risks associated with nano foods and the use of nanotechnology in the food industry (Momin et al., 2013) .
Health threats
NPs may cause potential health threats owing to their selective accumulation in different cells, tissues, and certain cellular structures (Buzea et al., 2007; Li et al., 2012) . The majority of the NPs synthesized to date have the capacity to permeate membrane cells and spread to different regions in the body, such as blood vessels, nerve cells, and the lymphatic vascular system (Rudramurthy et al., 2016) . NPs may escape the immune defence mechanism thanks to their small size and may cause inflammatory and/or toxic responses . Inhaled particles penetrate into the respiratory tract, where they target different anatomical sites, depending, among other properties, on their aerodynamic size. Particles are categorized according to their aerodynamic size to PM 10 , thoracic particles (# 10 μm) and PM 2.5 (# 2.5 μm), or fine fraction. The particles with a range of aerodynamic sizes between 10 and 2.5 μm (PM 10-2.5 ) are known as the coarse fraction (Lital et al., 2010) . If the aerodynamic size is equal to or smaller than 0.1 μm, the particles are called ultrafine particles (UFP), and one of the main sources of this type of primary particles is diesel exhaust (DEP) (Holgate et al., 2003) .
Inducing stress
NPs with different composition, size, concentration, and physical/chemical properties have been reported to negatively influence the growth and development of various plant species. Ma and co-workers (2010) and Khodakovskaya and co-workers (2009) reported that multiwalled carbon nanotubes markedly influenced tomato seed germination and seedling growth by up-regulating stress-related gene expression. A root proteome study revealed that AgNP-responsive proteins were primarily associated with the oxidative stress response pathway, Ca 2+ regulation and signaling, transcription, protein degradation, cell wall synthesis, cell division, and apoptosis (Vannini et al., 2013 ). An experiment performed on the nano-CuO (cupric oxide) modulating photosynthetic performance and antioxidative defense system in Hordeum vulgare demonstrated restrictions in root and shoot growth with a decreased photosynthetic performance index (Shaw et al., 2014) . Also, NPs such as titanium oxide, zinc oxide, cerium oxide, and silver NPs were deposited on the surfaces of cells as well as in the organelles, which resulted in oxidative stress to the cell through the induction of oxidative stress signaling (Hossain et al., 2015) . In rice, ZnO NPs caused deleterious effects on root length at early growth stages (Boonyanitipong et al., 2011) . Changes in enzyme activities, ascorbate and free thiol levels resulting in higher membrane damage and the photosynthetic stress have been documented in shoots of germinating rice seedlings exposed to 500 mgl !1 of cerium oxide NPs (Rico et al., 2013) . Moreover, nano-CuO mediated DNA damage and plant growth restrictions have been reported in radish (Raphanus sativus) and ryegrass (Lolium perenne and Lolium rigidum) (Atha et al., 2012) .
Applications of nanoparticles
Nanopesticides and nanofertilizers (nano agrochemicals)
This section focuses on applications of nanotechnology for plant protection and nutrition, in the form of nanopesticides or nanofertilizers, later referred to as nano agrochemicals. The use of agrochemicals is crucial to modern agriculture. The use of nanotechnology in agriculture has become more popular over the past decade, with a particular interest in developing novel nano agrochemicals in the form of so-called "nanopesticides" and "nanofertilizers". The terms "nanopesticide" and "nanofertilizer" have been extensively used, but sometimes with very different meanings. Inventories presented to date and based on patent analysis and the scientific literature (Gogos et al., 2012; Kah et al., 2013) indicate that the terms can designate a very wide range of products in terms of their size, nature, level of development and even relevance for agricultural practices. In the scientific literature, the prefix "nano" has been associated until now with the notion of novelty and implicitly suggests superior properties relative to non-nano counterparts. Hence, many formulations have been named "nano" with the main objective of increasing attention and possibly facilitating publication. When information makes its way to a non-specialist readership (e.g. in press releases, interviews, reports), there is a risk of confusion about what nanopesticides or nanofertilizers are and how they relate, for instance, to the definitions that have been proposed for regulatory purposes (Kah, 2015) .
Recycling agricultural waste
Nanotechnology may also be applied to prevent waste production in agriculture, particularly in the cotton industry. When cotton is processed into a fabric or garment, some of the cellulose or the fibers are discarded as wastes or used for the production of low-value products such as cotton balls, yarns and cotton batting. With the use of newly-developed solvents and a technique called electrospinning, scientists can produce 100 nm diameter fibers that can be used as fertilizers or pesticide absorbents. These high-performance absorbents allow for targeted application at desired times and locations (Lang, 2003) . A viable option for the production of biofuels is presented by cellulosic feedstocks. Moreover, nanotechnology can enhance the performance of enzymes used in the conversion of cellulose into ethanol, as scientists are working on nano-engineered enzymes that will allow the simple and cost-effective conversion of cellulose from plant-part wastes into ethanol.
Also, rice husks, a rice-milling byproduct, can be used as a source of renewable energy. When rice husks are turned into thermal energy or biofuel, a large amount of high-quality nanosilica is produced which can be further utilized in making other materials such as glass and concrete (Liou et al., 2010) .
Nanosensors and nanotech delivery systems for pests, nutrients and plant hormones
Nanosensors and nano-based smart delivery systems could help in the efficient use of agricultural natural resources such as water, nutrients and chemicals through precision farming. Through the use of nanomaterials and global positioning systems with satellite imaging of fields, farm managers could remotely detect crop pests or evidence of stresses such as drought. Once a pest or drought is detected, there would be an automatic adjustment of pesticide applications or irrigation levels. Nanosensors dispersed in the field could potentially also detect the presence of plant viruses and the levels of soil nutrients. Nano-encapsulated slow release fertilizers have also become a trend to save fertilizer consumption and to minimize environmental pollution (Jones, 2006) . Nanobarcodes and nanoprocessing could be used to monitor the quality of agricultural produce. Scientists at Cornell University have used the concept of grocery barcodes for cheap, efficient, rapid and easy decoding and detection of diseases (Pocket K., 2011) . They produced microscopic probes or nanobarcodes that could tag multiple pathogens on a farm which can easily be detected using any fluorescent-based equipment. This on-going project generally aims at developing a portable on-site detector which can be used by non-trained individuals.
Through nanotechnology, scientists are also able to study plant regulation of hormones such as auxins, which are responsible for root growth and seedling establishment. Scientists at Purdue University have developed a nanosensor that reacts with auxins (Pocket K., 2011) . The interaction between the auxins and the nanosensor generated an electrical signal which was the basis for measuring auxin concentration at a particular point. The nanosensor oscillated taking auxin concentration readings at various points of the root. A system of formulas then verified if the auxin was absorbed or released by the surrounding cells. This is a breakthrough in auxin research, because it helps scientists to understand how plant roots adapt to their environment, especially in marginal soils (McLamore et al., 2010) .
Biosensors
Rapid detection biosensors
Biosensors are instruments able to reduce the time required for lengthy microbial testing. Microorganisms can be integrated into sensors with a variety of transducers, such as amperometric, potentiometric, conductimetric, luminescence and fluorescence, to construct biosensor devices (Touhami, 2014) . Since the microbial biosensor response, the operational stability and their longterm use are, to some extent, a function of the immobilization strategy used, the immobilization technology plays a very important role and the choice of the immobilization technique is critical. A potentiometric biosensor based on a pH electrode modified by permeable P. aeruginosa has been developed for selective and rapid detection of cephalosporin group of antibiotics (Kumar et al., 2008) . The hydrolysis of cephalosporin, due to the enzyme activity of the microbial layer, is accompanied by the production of protons near the pH electrode. The response will come from the change of the electric potential difference between the working electrode and the reference electrode (Ferrini et al., 2008) . Other applications of these instruments include the detection of contaminants in different bodies such as water supplies, raw food materials and food products (Ditta, 2012) .
Enzymatic biosensors
Enzymes can act as sensing elements as they are very specific in their attachment to certain biomolecules. A wide range of amperometric enzyme electrodes, differing in electrode design or material, immobilization approach, or membrane composition, have been described. The first developed glucose enzyme electrode relied on a thin layer of glucose oxidase (GOx) entrapped over an oxygen electrode via a semi-permeable dialysis membrane (Touhami, 2014) . Measurements have been made based on the monitoring of the oxygen consumed by the enzyme-catalyzed reaction (Wang, 2008) . The entire field of biosensors can trace its origin to this original glucose enzyme electrode.
Nanomaterials for energy conversion
One of the most interesting and most flexible renewable energy technologies is the direct conversion of sunlight into electric power called the photovoltaic effect (Dai et al., 2012; Lewis, 2007) . Carbon nanomaterials, including C 60 fullerenes (Sariciftci et al., 1992; He et al., 2011) , carbon nanotubes (CNTs) (Hecht et al., 2011; Somani et al., 2007) and graphene (Novoselov et al., 2004; Luo et al., 2012) , have been studied and shown to be extremely efficient electron acceptors in polymer and quantum dot solar cells (Dai et al., 2012) . Relatively new, dye sensitized solar cells are of great promise. In these devices, a nanocrystalline mesoporous titanium dioxide (TiO 2 ) film, with a monolayer of the charge transfer dye attached to its surface, is pasted on a transparent conductive substrate (Hagfeldt et al., 2010; Hagfeldt, 2012) . The large NM surface area for dye chemisorptions and the short charge migration length underlie their power conversion efficiency Zukalová et al., 2005) . In addition to solar cells, nanotechnology has made a big impact on fuel cells: devices able to convert chemical energy directly into electricity . Nano-porous metals with a high surface area, low specific densities and rich surface chemistry can serve as highly efficient electro-catalysts for the critical electrode oxidation/reduction reactions in fuel cells Qiao et al., 2011) . Platinum nanoparticles (Pt NPs) have been regarded as the best cell catalysts, although the Pt-based electrode suffers from a time-dependent drift and carbon monoxide deactivation (Zhong et al., 2010) . In this regard, because of their higher electro-catalytic activities and greater resistance, nano-sized multi (bi-tri)-metallic Pt alloys have been the object of further exploration Mazumder et al., 2010) . Interestingly, CNTs and graphene, initially used in fuel cells as attractive materials for catalyst supports with the aim of lowering the precious-metal loading and enhancing catalyst activity and durability, have also been studied as metal-free catalysts in fuel cells (Antolini, 2009; Yu et al., 2010; Qu et al., 2013a) . Their advantages rest in their high surface area, mesoporosity, good electrical conductivity, higher mechanical strength, light weight and superb corrosion resistance (Qiao et al., 2011) . Another important future energy option is the use of hydrogen gas as a source of clean fuel for many applications (Chen et al., 2010) . Semiconductor NMs, e.g. TiO 2 and cadmium sulfide nanostructures, have been studied as efficient catalysts for water conversion into oxygen and hydrogen (Chen et al., 2011; Wu et al., 2011; Li et al., 2009 ). Moreover, nano-structured carbons, metal-organic frameworks and polymers (Zuttel et al., 2002; Hirscher et al., 2003; Rosi et al., 2003; Germain et al., 2009 ) as well as metal hydrides and related complex hydrides (Orimo et al., 2007; Jeon et al., 2011) are examples of NMs investigated for hydrogen storage and transportation for high hydrogen capacity and minimal deterioration during hydrogenation.
Nanomaterials for energy storage
Nanotechnology may have a profound influence on electrical storage technologies, i.e. batteries and electrochemical super capacitors (Zhao et al., 2011) . Redox-based super capacitors with nano-structured electrode materials have shown the potential to combine the high energy density of conventional batteries with the high power capabilities of electrostatic capacitors at the lab scale. Mixed metal oxides, e.g. ruthenium oxide (RuO 2 ), manganese oxide (MnO 2 ), magnetite (Fe 3 O 4 ) (Ke et al., 2005; Hu et al., 2006; Yu et al., 2008) , CNTs (Dai et al., 2012; Kaempgen et al., 2009) , graphene (Kim et al., 2011; Huang et al., 2012) and carbon metal oxide composites (Zhi et al., 2013) , have been investigated as electrode NMs aimed at a high specific capacity and rate capability (Liu et al., 2008a; Liu et al., 2008b) . Concerning rechargeable lithium batteries, the energy densities and the performances of these devices largely depend on the physical and chemical properties of the electrode material . In this regard, the reduced dimensions and the high surface area of NMs increase the rate of electron transport and the electrode-electrolyte contact, respectively, while the nano-structure itself provides facile strain relaxation and resistance to fracture . For anode applications, CNTs (Dai et al., 2012; Frackowiak et al., 2002; Centi et al., 2011) , series of graphenebased nanostructures (Luo et al., 2012; Lian et al., 2010; Guo et al., 2009 ) and silicon nanowires (Chan et al., 2008) have been studied as promising host-high capacity materials and conductive additives.
Nanomaterials for water clean-up technologies
Nanotechnology-enabled water and wastewater treatment promises not only to overcome major challenges faced by existing treatment technologies, but also to provide new treatment capabilities that could allow economic utilization of unconventional water sources to expand the water supply (Qu et al., 2013b) . Interesting applications may include the incorporation of functional NMs, such as metal-oxide NPs (aluminium oxide, TiO 2 and zeolite) (Bae et al., 2005; Maximous et al., 2010; Pendergast et al., 2010) , antimicrobial NMs (silver NPs (Ag NPs) and CNTs) (Hossain et al., 2013) and photocatalytic NMs (bimetallic-NPs, TiO 2 ) (Chin et al., 2006; Wu et al., 2008) , into membranes in order to improve their permeability, fouling resistance, biofilm control, mechanical and thermal stability, as well as to provide pollutant degradation and self-cleaning ability (Qu et al., 2010) . Moreover, CNTs, fullerene and metal-based nanoadsorbents may offer a significant improvement in the adsorption capacity of organic molecules, metal ions and heavy metals (Sharma et al., 2009; Ali., 2012; Hua et al., 2012; Gupta et al., 2013,) . Interestingly, due to their NM-unique electrochemical, optical, and magnetic properties, research has been conducted into the development of nano-enabled pathogen sensors, both cells and biomolecules (Vikesland et al., 2010; Theron et al., 2010) .
Nanobarcodes
Biological applications of nanobarcodes
Nanobarcodes have been used as ID tags for a multiplexed analysis of gene expression and intracellular histopathology (Ditta, 2012) . Improvements in plant resistance to various environmental stresses such as drought, salinity, and diseases have been possible through advances in the field of biotechnology, also at the nanoscale. More effective identification and utilization of plant gene trait resources is expected to introduce a rapid and cost-effective capability through advances in nanotechnology-based gene sequencing (Branton, 2008 ).
Non-biological applications of nanobarcodes Nanobarcodes serve as uniquely identifiable nanoscale tags and have been applied for non-biological applications, such as for authentication or tracking in agricultural food and husbandry products. This nanobarcode technology will enable the development of new auto-ID technologies for the tagging of items previously not practicable to tag with conventional barcodes (Ditta, 2012) .
Photocatalysis
One of the processes where nanoparticles have been used for several decades now is photocatalysis (Blake, 1997) . This is a combination of 2 words: "photo" meaning "light" and "catalysis" meaning "a reaction caused by a catalyst". So, it involves the reaction of a catalyst (nanoparticles) with chemical compounds in the presence of light. When nanoparticles of specific compounds are subjected to UV light, the electrons in the outermost shell (valence electrons) are excited, which results in the formation of electron hole pairs, i.e. negative electrons and positive holes. These are excellent oxidizing agents and include metal oxides such as TiO 2 (Bhatkhande et al., (2001) , ZnO (Li et al., 2003) , and SnO 2 (Ko et al.,2009) , as well as sulfides such as ZnS (Feigl et al., 2010) . Due to their large surface-to-volume ratio, these nanoparticles have very efficient rates of degradation and disinfection. As the size of particles decreases, the number of surface atoms is increased, which results in a tremendous increase in chemical reactivity and other physico-chemical properties related to certain specific conditions such as photocatalysis, photoluminescence, etc. (Ditta, 2012) . Thus, this process can be used for the decomposition of many toxic compounds such as pesticides, which take a long time to degrade under normal conditions (Malato et al., 2002) .
Desalination
Due to limited resources of fresh water, it is likely that in the near future, desalination of sea water will become a major source of fresh water. Conventional desalination technologies such as reverse osmosis (RO) membranes are currently being used, but these are costly due to the large amount of energy required (Ditta, 2012) . Nanotechnology has played a very important role in the development of a number of low-energy alternatives, among which 3 are most promising: 1) proteinpolymer biomimetic membranes, 2) aligned-carbon nanotube membranes and 3) thin film nanocomposite membranes (Hoek et al., 2009) . These technologies have shown up to 1000 times better desalination efficiencies than RO, as these have higher water permeability due to the presence of carbon nanotube membranes in their structure.
Conclusion and prospects
Nanotechnology has great potential, as it can enhance the quality of life through its applications in various fields such as agriculture and the food industry. Around the world it has become the future of every nation. However, we must be very careful with any new technology to be introduced due to the possible unforeseen risks that may come with their use. Nonetheless, it is also critical for the future of our world to produce a workforce trained in nanotechnology. In this process, the first step is to inform the public about the advantages of nanotechnologies, which, as we foresee, will result in a tremendous increase in the interest and discovery of new potential applications in all domains. It is with this in mind that this review has been written. The goal of the paper is the dissemination of basic knowledge about the applications of nanotechnology in agriculture and their prospects in the near future with reference to the current situation around the world. This review has identified some of the potential agricultural applications of nanotechnology for the welfare of humans and for sustainable environment, challenges and opportunities for developing countries. Finally, for the full implementation of such technology, collaboration between developed and developing countries, public and private sectors and between research institutions and international organizations is required. The future of nanotechnology is uncertain for many reasons, such as the negative reaction of the public towards genetically modified crops, the lack of the requisite skills in public agricultural research organizations for this type of research and illequipped and somewhat hesitant regulatory structures to deal with these new technologies. There is a pressing need to remove the sharp boundary present between the social and natural sciences and if we succeed in doing so, we may be able to develop a more desirable and more democratic socio-technical future.
